Anxiety is an adaptive response to potentially threatening situations. Exaggerated and uncontrolled anxiety responses become maladaptive and lead to anxiety disorders. Anxiety is shaped by a network of forebrain structures, including the hippocampus, septum, and prefrontal cortex. In particular, neural inputs arising from the ventral hippocampus (vHPC) to the lateral septum (LS) and medial prefrontal cortex (mPFC) are thought to serve as principal components of the anxiety circuit. However, the role of vHPC-to-LS and vHPC-to-mPFC signals in anxiety is unclear, as no study has directly compared their behavioral contribution at circuit level. We targeted LS-projecting vHPC cells and mPFC-projecting vHPC cells by injecting the retrogradely propagating canine adenovirus encoding Cre recombinase into the LS or mPFC, and injecting a Cre-responsive AAV (AAV8-hSyn-FLEX-hM3D or hM4D) into the vHPC. Consequences of manipulating these neurons were examined in well-established tests of anxiety. Chemogenetic manipulation of LS-projecting vHPC cells led to bidirectional changes in anxiety: activation of LS-projecting vHPC cells decreased anxiety whereas inhibition of these cells produced opposite anxietypromoting effects. The observed anxiety-reducing function of LS-projecting cells was in contrast with the function of mPFC-projecting cells, which promoted anxiety. In addition, double retrograde tracing demonstrated that LS-and mPFC-projecting cells represent two largely anatomically distinct cell groups. Altogether, our findings suggest that the vHPC houses discrete populations of cells that either promote or suppress anxiety through differences in their projection targets. Disruption of the intricate balance in the activity of these two neuron populations may drive inappropriate behavioral responses seen in anxiety disorders.
INTRODUCTION
Anxiety is a temporary behavioral state induced by perceived threats (Sylvers et al, 2011) . While it plays an adaptive role in protecting animals from danger, anxiety responses that are exaggerated or poorly controlled can be disruptive and are considered a core symptom of many psychiatric illnesses (Grupe and Nitschke, 2013) . Animal models of anxiety have provided valuable insight into human anxiety disorders. In particular, rodent models of anxiety have proven informative. Anxiolytic drugs used in humans decrease anxietyrelated behaviors in rodents that are measured by innate avoidance of aversive environments (Calhoon and Tye, 2015) . Thus, unraveling the neural circuitry of anxiety in rodents can help illuminate the mechanisms of anxiety disorders and identify potential treatment targets.
Gray and McNaughton proposed that the septohippocampal pathway is a crucial neurobiological circuit for controlling anxiety responses and a principal mediator of the behavioral effects of anxiolytic drugs (McNaughton and Gray, 2000; McNaughton, 2006) . More specifically, its role was hypothesized to detect conflict and uncertainty in anxiety-provoking contexts and promote arousal, attention, and behavioral inhibition. Building upon this theoretical framework, it has long been postulated that hippocampal inputs to the septum carry contextual information regarding conflict, novelty, and uncertainty to control anxiety, although their behavioral contribution has not been directly investigated at the circuit level.
The septum and the hippocampus are extensively connected structures that form the septohippocampal pathway. The septum contains cholinergic, GABAergic and glutamatergic neurons that project to the hippocampus via the fimbria-fornix (Freund and Antal, 1988; Kiss et al, 1990; Wainer et al, 1985) . The hippocampus, in turn, projects to the septum mainly via glutamatergic afferents (Niewiadomska et al, 2009; Risold and Swanson, 1997) . Substantial evidence indicates that the septohippocampal pathway plays a major role in regulating anxiety. Disconnection of the lateral septum (LS) and the ventral hippocampus (vHPC) using an asymmetrical disconnection approach reduced anxiety-related behaviors in the elevated plus maze (EPM), suggesting that the vHPC and the LS work in tandem to modulate anxiety (Trent and Menard, 2010) . When animals are subject to anxiety-provoking stimuli, the expression of activity-dependent protein c-fos is enhanced in both the septum and hippocampus (Campeau and Watson, 1997; Duncan et al, 1996; Mongeau et al, 2003; Pezzone et al, 1992; Senba et al, 1993; Silveira et al, 1993) . However, the role of the septum in anxiety is complex. Septal lesions targeting both medial and LS lead to the well-known 'septal rage' phenotype in rodents, characterized by exaggerated or inappropriate defensive responses to nonthreatening stimuli (Albert and Walsh, 1982; Brady and Nauta, 1955) . In contrast to these results, selective pharmacological inactivation of the LS reduces anxiety-related behaviors in the EPM and shock-probe burying test, and has suggested that this particular region of the septum may promote anxiety (Degroot et al, 2001; Menard and Treit, 1996; Pesold and Treit, 1996) . Septal activation, however, has produced mixed results. Electrical stimulation of the LS reduced anxiety-related behaviors in the Vogel water-lick conflict test, while the activation of LS by corticotropinreleasing factor receptor 2 agonist infusion increased anxiety-related behaviors (Radulovic et al, 1999; Yadin et al, 1993) . In resolving the complex role of the septum in anxiety, more selective techniques are required.
The second major component of the septohippocampal pathway that is involved in anxiety is the vHPC. Cytotoxic lesion or pharmacological inactivation of the vHPC, but not the dorsal hippocampus, reduces anxiety-related behaviors in rodents (Bannerman et al, 2003; Kjelstrup et al, 2002) . Consistently, brain imaging studies in humans and rhesus monkeys have also found that elevated activity in the anterior hippocampus (equivalent to the vHPC in rodents) is associated with sustained anxiety (Hasler et al, 2007; Oler et al, 2010) . Recent studies using in vivo LFP recordings and optogenetic inhibition revealed that vHPC input to the medial prefrontal cortex (mPFC) is necessary for the anxietypromoting role of the vHPC. Adhikari et al, 2011 found that vHPC theta oscillation is highly correlated with mPFC theta where theta power in both vHPC and mPFC increases in anxiety-inducing environments such as the EPM and open field (OF). These findings suggest that the vHPC promotes an anxious state by sending signals carrying the negative emotional valence of an environment to the mPFC (Adhikari et al, 2010 (Adhikari et al, , 2011 . Consistently, a follow-up study from the same group found that optogenetic inhibition of vHPC input to the mPFC reduces anxiety and spatial representations of aversion within the mPFC (Padilla-Coreano et al, 2016) .
Taken these various results together, it appears that the vHPC contributes to anxiety, likely by monitoring the novelty and aversiveness of the environment and sending contextual information to its downstream cortical and subcortical targets, including the septum and the prefrontal cortex. However, despite the established link between anxiety and forebrain circuits involving the vHPC, septum, and mPFC, the role of each pathway in controlling anxiety remains elusive, as no study has directly compared their behavioral contribution at the circuit level. Thus, our goal was to determine the role of vHPC inputs to the LS in regulating anxiety, and how they functionally and anatomically relate to the vHPC-mPFC pathway.
To this end, the present study used chemogenetic techniques to selectively manipulate the activity of individual vHPC cell populations projecting to the LS or mPFC during well-established tests of anxiety. We found that hM3D-mediated activation of the LS-projecting vHPC cells decreased anxiety-related behaviors, whereas hM4D-mediated inhibition of these cells produced the opposite anxiety-promoting effect. hM3D-mediated activation and double retrograde tracing revealed that these LS-projecting vHPC cells represent an anatomically and functionally distinct neuron population, largely separate from mPFCprojecting vHPC cells, activation of which increased anxiety.
MATERIALS AND METHODS

Animals
Adult C57BL/6 mice (3-4 month old) purchased from Charles River laboratories were housed in groups of four per cage without environmental enrichment in a temperaturecontrolled room (12 : 12 light/dark cycle), and food and water were provided ad libitum. One week after the arrival in the facility, animals were divided into control and treated groups and underwent stereotaxic surgery for viral infusion. A recovery period of 4 weeks was given before the beginning of the behavioral test to allow viral expression of hM3D and hM4D. The hM3D and hM4D expression for all the subjects were confirmed by immunohistochemistry signals for mCherry reporter as reference. Mice exhibiting low-level viral expression (o100 labeled cells) or viral expression outside the vHPC were excluded from further analysis. The same group of mice were tested in either three (OF, EPM, successive alley (SA)) or four (OF, EPM, SA, NSF) anxiety tests. The order of first three tests (OF, EPM, SA) was counterbalanced. To further minimize carryover effects, the novelty suppressed feeding test (NSF) was performed last as it involved a food deprivation. All procedures were performed in accordance with the Canadian Council of Animal Care guidelines at the University of Toronto with an approved animal protocol.
Stereotaxic Surgery and Viral Vectors
Mice were anaesthetized with isoflurane (4% for induction and 2% for maintaining) together with an injection of ketoprofen 5 mg/kg for pain management. For the viral infusion, a cannula connected to polyethylene tubing was inserted in the target brain region and left for 2 min to stabilize. After stabilization, a 0.1 μl per minute infusion was performed followed by a 15 min resting period to permit the vector diffusion. Approximately 0.3-0.5 μl of viral vectors (~10 12 GC/ml) were bilaterally injected into the dorsal LS (+0.5 AP, 0.35 ML and 2.7 DV; CAV2-Cre) or prelimbic mPFC (+1.9 AP, 0.3 ML and 1.9 DV; CAV2-Cre) and in the vHPC (−2.9 AP, 2.0 ML and 4.6 DV; AAVs) using a microsyringe pump. After the infusion, the cannula was slowly removed and the scalp sutured. AAV8-CaMKIIα-hM4D-mCherry and AAV8-CaMKIIα-GFP were used to exclude local inhibitory interneurons and target selectively excitatory cells in the vHPC. CAV2-Cre, AAV8-hSyn-FLEX-GFP, AAV8-hSyn-FLEX-hM4D-mCherry, and AAV8-hSyn-FLEX-hM3D-mcherry were used to target LS-projecting vHPC cells and mPFC-projecting vHPC cells. A combined use of retrograde CAV-Cre and hSyn promoter-driven AAV was sufficient to exclude transgene expression in local interneurons. All AAVs were obtained from the University of North Carolina at Chapel Hill Vector Core. CAV2-CRE vector was obtained from the Plateforme de Vectorologie de Montpellier.
Stereotaxic Surgery for the Anterograde Tracing Experiments
Adult C57BL/6 inbred mice (3-4 month old) underwent stereotaxic surgery to infuse AAV-hsyn-ChR2-EYFP (channel rhodopsin fused to EYFP and driven by the human synapsin promoter) into the vHPC. Before the stereotaxic procedure, mice were anaesthetized with isoflurane (4% for induction and 2% for maintaining) together with an injection of ketoprofen 5 mg/kg for pain management. For the viral infusion, a cannula connected to polyethylene tubing was inserted in the target brain region and left for 2 min to stabilize. After stabilization, a 0.1 μl per minute infusion was performed followed by a 15 min resting period to permit the vector diffusion. The viral vector (~10 12 GC/ml) was bilaterally injected into the vHPC (−2.9 AP, 2.0 ML and 4.6 DV) using a microsyringe pump. After the infusion, the cannula was slowly removed and the scalp sutured. A period of 4 weeks was given before the perfusion and histology procedure.
Drugs
Clozapine-N-oxide (CNO) was obtained from the NIH as a part of the Rapid Access to Investigative Drug Program funded by the National Institute of Neurological Disorders and Stroke (NINDS) and dissolved in DMSO (a final concentration of 0.3% DMSO). The animals were injected intraperitoneally with CNO 20 min before all behavioral tests at 1 mg/kg dose for hM4D experiments or at 3 mg/kg dose for hM3D experiments. CNO doses were determined based on the dose-response curves (CNO dose vs anxiety-related behaviors measured in the open field test).
Behavioral Tasks
Open field test. Animals were injected intraperitoneally with CNO (1 or 3 mg/kg) and then placed in the testing room for a 20 min habituation. Novelty suppressed feeding test. Before testing, mice were deprived of food for a period of 24 h. During the test, animals were injected with vehicle or CNO and placed in the testing room for a 20 min habituation. After the habituation, animals were placed in an open-field arena with a~5 g regular food pellet on an aluminum foil situated in the arena center, and the latency to feed was manually recorded. The test was repeated after 1 week, and the treatments were counterbalanced between the groups. Immediately after the test, the animals were placed back in their home cages and allowed to eat for 5 min, and the total food consumption was recorded. The NSF tests were conducted with a light (100 lux) placed 1.5 m above the arena for the vHPC-LS hM3D activation experiments to avoid the floor effect, and in a low light environment for the vHPC-mPFC hM3D activation experiments to avoid the ceiling effect. This design was driven by our hypothesis that activating the LS-projecting vHPC cells would decrease the latency to eat, whereas activating the mPFC-projecting vHPC cells would increase the latency to eat.
Successive alleys. The successive alleys (SUA) apparatus consists of four successive linearly connected alleys (alley 1-4) (Deacon, 2013; McHugh et al, 2004) . The first alley (alley 1) is enclosed and painted in black, and is followed by three light colored open alleys (alley 2-4). The width of the four alleys progressively decreases to increase their anxiogenic character. The animals were placed in the enclosed alley and allowed to explore the apparatus for 10 min. The Anymaze tracking system was used to track and acquire behavioral measurements. The same within-subjects design as that used in the NTS test was adopted in the SUA test.
Immunohistochemistry
Animals were transcardially perfused with ice-cold phosphate-buffered saline (PBS) (pH 7.4) followed by paraformaldehyde 4%. After perfusion, the brains were extracted and post-fixed in 4% paraformaldehyde for 24 h and then transferred to a 30% sucrose solution for 24 h. Brains were sectioned coronally (40 μm sections) using a cryostat (Leica) and collected in PBS. The sections were permeabilized using 0.5% triton/PBS (PBST) for 5 min and then blocked with 5% normal donkey serum in PBST for 1 h. After blocking, the sections were washed three times with PBST and incubated overnight in rabbit polyclonal anti-mCherry antibody (1:1000; ab167453; Abcam, Cambridge, MA) or rabbit polyclonal anti-CRE antibody (1 : 1000; ab167453; Abcam, Cambridge, MA). After incubation with the primary antibody, the sections were washed three times with PBST and incubated with Alexa 594-conjugated donkey anti-rabbit (1:1000; 715515152; Jackson ImmunoResearch, West Grove, PA) or Alexa 488-conjugated donkey anti-rabbit (1:1000; 711545152; Jackson ImmunoResearch, West Grove, PA) secondary antibodies for 1 h 30 min. The sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min and coverslipped with Aquamount (Polysciences Inc, Warrington, PA). The wide-field fluorescent images were captured with the fluorescence microscope (Olympus FSX100) using an U-MWIG3 323 filter cube (Ex530-550, Em575IF, DM570) for Alexa 594. The confocal images were acquired through a Quorum spinning disk confocal micro- 
Retrograde Tracing
Dual retrograde tracing was performed to visualize cells in the vHPC that innervate the LS and mPFC. Green fluorescent Retrobeads (# G180, Lumafluor Inc, Naples, FL) and Red fluorescent Retrobeads (# R180, Lumafluor Inc, Naples, FL) were infused ipsilaterally at a volume of 0.5 μl into the LS (+0.5 AP, 0.35 ML, and 2.7 DV) and mPFC (+1.9 AP, 0.3 ML, and 1.6 DV), respectively. Two weeks after surgery, mice were transcardially perfused, and brains were sectioned, as described in the immunohistochemistry procedure. Every fourth section containing the vHPC from bregma − 2.90 to − 3.85, for a total of six sections per brain, were mounted and imaged on a Quorum spinning disk confocal microscope (Zeiss) using a × 20 objective lens. The images were analyzed with the Volocity software (PerkinElmer) to count red and/or green retrobead-positive cells in a 1500 μm length of the pyramidal layer in the ventral hippocampus. The percentage overlap for each red or green-labeled population was calculated as (total number of double-labeled cells/total number of single-labeled cells) × 100.
Hippocampal Slice Electrophysiology
Following viral infusion of hM4D-mCherry or hM3D-mCherry and 3-4 weeks wait time for expression, mice were anaesthetized with avertin and underwent cardiac perfusion with chilled, oxygenated cutting solution, containing the following (in mM): 205 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 glucose, 0.4 ascorbic acid, 1 CaCl 2 , 2 MgCl 2 , and 3 sodium pyruvate, pH 7.4, osmolality 290-295 mOsm. Immediately after perfusion, the mice were decapitated and the brains were rapidly removed and placed for 30 s in oxygenated cutting solution. Afterwards, the brains were cut at the cerebellum and glued on their posterior edge to a cutting stage. Coronal slices (350 μm) of the ventral hippocampus were prepared and left to incubate at 36°C in an oxygenated 50 : 50 mixture composed of cutting saline and artificial CSF (aCSF) for 30 min. After this incubation the slices were and then placed in aCSF alone for 30 min at room temperature. During experimentation slices were perfused at a rate of 2 ml/min in aCSF maintained at 32°C via an in-line heater. The aCSF solution consisted of the following (in mM): 123 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 glucose, 2 CaCl 2 , and 1 MgCl 2 in doubledistilled water and saturated with 95% O 2 /5% CO 2 , pH 7.4, osmolarity 290-295 mOsm. Whole-cell patch-clamp recordings were obtained from infected neurons (identified by mCherry fluorescence) and their uninfected neighbors. Micropipettes with a tip resistance of 3-6 MΩ were filled with an intracellular fluid containing the following (in mM): 130 potassium gluconate, 10 KCl, 10 HEPES, 0.2 EGTA, 4 ATP, 0.3 GTP, and 10 phosphocreatine, pH 7.4, osmolality 290-295 mOsm. The resting membrane potential was recorded (in current-clamp mode) in normal aCSF for a minimum of 5 min before the addition of 10 μM CNO for 5 min. Neuronal excitability was determined in currentclamp mode by injecting a positive current (100 pA) for 2 s (Nguyen et al, 2014) .
Statistical Analysis
The statistical analysis was performed using the Graphpad Prism 6 (GraphPad Software, La Jolla, CA). For the EPM and OF tests, the statistical analysis for the comparisons was performed using the two-tailed unpaired t-test. For the NSF and SUA tests employing a within-subjects design, the data were subjected to a repeated-measures (RM) two-way ANOVA followed by Bonferroni post-test. All the data are presented as mean ± standard error, and the difference was considered significant when po0.05.
RESULTS
Chemogenetic Inhibition of vHPC Decreases Anxiety
To investigate the role of vHPC in controlling anxiety, we expressed inhibitory hM4D receptor-mCherry fusion protein in vHPC using an adeno-associated viral (AAV) vector under the control of the CaMKIIα promoter (AAV8-CaMKIIα-hM4D-mCherry) to target CaMKIIα-positive excitatory cells (Figure 1a and b). Age-matched control animals were infused with the same viral vector carrying GFP reporter gene (AAV8-CaMKIIα-GFP). In-line with previous studies (Armbruster et al, 2007; Nguyen et al, 2014) , whole-cell patch-clamp recordings on hippocampal slices confirmed that synthetic ligand CNO activated hM4D receptor, hyperpolarizing membrane potential and suppressing current-induced spike activity in hippocampal pyramidal cells (Supplementary Figure S1 ). Four weeks after viral infection, the effect of acute CNO injection (3 mg/kg i.p) on anxiety-related behaviors was analyzed using the EPM and OF test. In the EPM test, CNO-treated hM4D mice displayed an increase in % open arm time (Unpaired t test, t (14) = 2.2, total distance traveled in the open field was not altered by the vHPC inhibition, excluding the possibility that the observed effect on anxiety was due to change in overall locomotion (Figure 1i and j) . In addition, the NSF was performed as a complementary test to measure anxiety-related behaviors. In the NSF test, CNO-treated hM4D mice showed reduced latency to feed in a novel environment (RM two-way ANOVA, F (1, 9) = 5.344 p = 0.04, Figure 1l ). The reduced latency to feed was not due to changes in hunger, since hM4D and control mice showed no difference in home cage food consumption (Figure 1m) . Thus, the net effect of inhibiting glutamatergic outputs from the vHPC is a decrease in anxiety.
hM3D-Mediated Activation of LS-Projecting vHPC Cells Decreases Anxiety
The vHPC may shape anxiety via influences on other brain structures. The vHPC innervates the LS, a structure critically involved in anxiety, via the septohippocampal pathway. Previous studies, as well as our anterograde tracing experiments (Supplementary Figure S2) , have shown that the LS is one of the most densely innervated targets of the vHPC (Risold and Swanson, 1997) . To address the behavioral contribution of the vHPC cells projecting to the LS in anxiety, we bilaterally infused the retrogradely propagating canine adenovirus encoding Cre recombinase (CAV2-Cre) into the LS, followed by a bilateral vHPC infusion of AAV vector carrying a Cre recombinasedependent excitatory hM3D-mCherry construct (AAV8-hSyn-FLEX-hM3D-mCherry) (Figure 2a ) (Armbruster et al, 2007; Kremer et al, 2000) . This allowed us to express excitatory hM3D receptors specifically in vHPC cells that project to the LS, which we here designate as LS-projecting vHPC cells. Local spread of CAV2-Cre virus within the LS was evaluated by immunostaining for Cre, which confirmed that CAV2-Cre spread was restricted to the LS (Supplementary Figure S3) . Consistent with previous findings, LS-projecting vHPC cells were not uniformly distributed within the vHPC. mCherry-positive cell bodies were abundant in the ventral CA3 and CA1 region, but absent in the dentate gyrus ( Figure 2b and Supplementary Figure S4 ) (Canteras and Swanson, 1992; Swanson, 1996,1997) . Whole-cell patch-clamp recordings on hippocampal slices confirmed that CNO activated the hM3D receptor, depolarizing the membrane potential and increasing the firing rate of hM3D-expressing hippocampal pyramidal cells (Supplementary Figure S1 ).
Mice infused with CAV2-Cre into the LS and AAV8-hSyn-FLEX-hM3D-mCherry or AAV8-hSyn-FLEX-GFP into the vHPC were treated with CNO and underwent behavioral tests of anxiety. In the EPM, CNO-treated hM3D mice showed increased % open arm time (Unpaired t-test, t (19) = 4.77 p = 0.0001, Figure 2c and f for position plots) and open arm entries (Unpaired t-test, t (19) = 2.56 p = 0.01, Figure 2d ) compared to CNO-treated control mice. This phenotype was not due to increased locomotion, as hM3D and control mice did not display differences in locomotion in the EPM (Figure 2e ). In the OF test, no significant differences between the groups were observed in % time spent in the center and center entries (Figure 2g and h and k for position plots) and locomotion (Figure 2i Figure S5B ). In the NSF test, CNO-treated hM3D mice showed reduced latency to feed in a novel environment (RM two-way ANOVA, F (1, 18) = 5.483 p = 0.03, Figure 2l ). The reduced latency to feed was not due to changes in hunger, since hM3D and control mice showed no difference in home cage food consumption (Figure 2m) . Thus, three different tests of anxiety confirmed that activation of LS-projecting vHPC cells is sufficient to cause a decrease in anxiety. Next, we explored whether the LSprojecting vHPC cells could modulate anxiety in a bidirectional manner.
hM4D-Mediated Inhibition of LS-Projecting vHPC Cells Increases Anxiety
On the basis of ability of LS-projecting vHPC cells to suppress anxiety when stimulated, we tested whether inhibition of LS-projecting vHPC cells could increase anxiety. Again, the combined use of CAV2-Cre and AAV8-FLEX-hM4D-mcherry allowed us to inhibit LS-projecting vHPC cells and determine their specific contributions to anxiety (Figure 2a) . In the EPM, CNO-treated hM4D mice displayed significantly lower % open arm time (Unpaired t-test, t (24) = 3.96 p = 0.0006, Figure 3a and d for position plots) and open arm entries (Unpaired t-test, t (24) = 2.568 p = 0.01, Figure 3b ) compared to the control mice, reflecting an increase in anxiety. Notably, CNO treatment in the hM4D mice resulted in a decrease in overall exploratory locomotion during the EPM test (Unpaired t-test, t (24) = 2.53 p = 0.01, Figure 3c ). While the decreased locomotion can act as a confounding factor when assessing anxiety, it may be attributed to anxiogenic effects restricting exploration to the closed arms. To further examine the effects of inhibiting the LS-projecting vHPC cells on anxiety and locomotion, we tested mice in the OF test. Consistent with the EPM results, the OF test revealed a similar anxiety-promoting effect of CNO treatment in the hM4D mice. hM4D mice showed a decrease in both % center time (Unpaired t-test, t (18) = 2.32 p = 0.03, Figure 3e ) and center entries (Unpaired t-test, t (18) = 2.53 p = 0.03, Figure 3f and i for position plots) relative to the control. Importantly, no change in total locomotor activity was observed in the OF task (Figure 3g and h) . Last, mice were tested in the SA using a within-subject design where both control and hM4D mice were injected with vehicle or CNO. No significant differences among the groups Figure S5D and S5E) . In summary, these data demonstrated that the LS-projecting vHPC cells have the capacity to modulate anxiety-related behaviors in a bidirectional manner suggestive of an importance of this pathway in maintaining appropriate levels of anxiety.
Activation and Inhibition of mPFC-Projecting vHPC Cells Cause an Increase and Decrease in Anxiety, Respectively
Recent studies found that anxiety-related firing is selectively increased in vHPC neurons projecting to the mPFC (Ciocchi et al, 2015) and that optogenetic inhibition of vHPC inputs to the mPFC reduced anxiety (Padilla-Coreano et al, 2016) . However, it has not been determined whether stimulating vHPC inputs to the mPFC is sufficient to increase anxiety. Furthermore, LS-projecting cells and mPFC-projecting cells may represent two functionally distinct cell groups within the vHPC, regulating anxiety in opposite directions. To address this, we first examined the effect of activating mPFCprojecting vHPC cells on anxiety using CAV2-Cre-mediated expression of hM3D (Figure 4a ).
In contrast to the LS-projecting cells, mPFC-projecting vHPC cells were found almost exclusively in the CA1 (Figure 4b and Supplementary Figure S4 (Figure 4d ), reflecting an increase in anxiety. Importantly, no alteration in the total locomotor activity was observed throughout the EPM test (Figure 4f ). In the OF test, CNO-treated hM3D mice showed a decrease in both center entries (Unpaired t test, t (14) = 2.32 p = 0.01, Figure 4i and l for position plots) and distance traveled in the center (Unpaired t test, t (14) = 2.78 p = 0.01, data not shown) and no change in % time spent in the center and total locomotor activity ( Figure 4h , j and k), indicating an increase in anxiety-like behaviors. In the NSF test, CNOtreated hM3D mice displayed an increased latency to feed (RM two-way ANOVA, F (1, 16) = 5.371 P = 0.03, Figure 4m ). The increased latency to feed was not due to changes in hunger since CNO and vehicle group showed no difference in home cage food consumption (Figure 4n) . Consistent with the previous study by Padilla-Coreano et al, we found evidence for the anxiety-reducing effecting of inhibiting mPFC-projecting vHPC cells. In the EPM test, CNO-treated hM4D mice showed increased % open arm time (Unpaired ttest, t (16) = 2.04 p = 0.02, Figure 5a and e for position plots) and distance traveled in open arm (Unpaired t-test, t (16) = 2.27 p = 0.03, Figure 5c ). In the OF test, no significant differences between the groups were observed in % time spent in the center and center entries (Figure 5f -h) and locomotion ( Figure 5i ). Altogether, these findings indicate that the vHPC houses two functionally distinct cell populations regulating anxiety in opposite directions: the LS-projecting cells, which suppress anxiety, and the mPFC-projecting cells, which promote anxiety.
LS-and mPFC-Projecting vHPC Cells Represent Anatomically Discrete Neuronal Populations that Reside in Relatively Distinct Areas of the vHPC
While LS-and mPFC-projecting vHPC cells were targeted based on their specific postsynaptic connections, these vHPC cells may collateralize and project to other brain areas simultaneously. To examine the distribution of collateral axon terminals of LS-and mPFC-projecting vHPC cells, we immunostained the tissue sections with the anti-mCherry antibody. As expected, mCherry-positive axonal terminals of the LS-projecting vHPC cells were densest in the LS (Figure  6a and b). While much less abundant, mCherry-positive terminals were also found in the dorsal CA1, basolateral amygdala (BLA), and mPFC, suggesting that a small proportion of the LS-projecting vHPC cells innervate not only the LS but also other downstream targets via collateralized axons (Figure 6b) . Similarly, mCherrypositive axonal terminals of mPFC-projecting vHPC cells were densest in the mPFC, with much less dense terminal fields found in other known downstream targets of the vHPC, including the LS (Figure 6b ). The largely distinct postsynaptic connectivity of LS-and mPFC-projecting cells lent further support that they represent anatomically separate cell populations. We therefore investigated how the LS-and mPFC projecting cells are distributed within the vHPC and to what extent the two cell populations overlap with each other. For dual retrograde tracing experiments, green and red fluorescent retrogradelytransported microspheres (Retrobeads) were injected ipsilaterally into the LS and mPFC to label LS-and PFC-projecting vHPC cells, respectively (Figure 6c ). Consistent with CAV2-Cre-mediated retrograde labeling of LS-projecting vHPC cells, retrobead-labeled LS-projecting cells were found most abundant in the ventral CA3 pyramidal layer, less in the ventral CA1 pyramidal cell layers, and absent in the dentate gyrus (Figure 6d ). In contrast, retrobead-labeled mPFCprojecting cells were found in the ventral CA1 but absent in the CA3 and the dentate gyrus (Figure 6d) . Within the vHPC, 3.3% of the retrobead-labeled LS-projecting cells were found to be mPFC-projecting, and 6.1% of the retrobeadlabeled mPFC-projecting vHPC cells were LS-projecting (Figure 6e) . Thus, mPFC-and LS-projecting cells represent anatomically discrete neuronal populations that occupy relatively distinct areas within the vHPC, playing opposite roles in regulating anxiety.
DISCUSSION
Neural inputs arising from the vHPC to the LS and mPFC have been implicated in anxiety. However, the specific role of these vHPC-originated signals in anxiety has not been directly compared, as previous lesion and pharmacological manipulation approach have been limited in discerning celltype or pathway-specific contribution. Combining a chemogenetic neuron manipulation approach with Cre-expressing retrograde viral vectors has allowed us to overcome longstanding technical limitations to target specific neural elements of the septohippocampal pathway and determine their behavioral contribution in vivo. First, we found that acute inactivation of the entire vHPC excitatory cells produced robust anxiolytic effects, consistent with previous findings that temporary or permanent inactivation of the vHPC, but not the dorsal hippocampus, reduce anxiety-
Injection sites related behaviors. Next, we demonstrated that a subset of vHPC cells projecting to the LS modulate anxiety in a bidirectional manner, where activation of LS-projecting vHPC cells decreases anxiety and inhibition of the same cell population produces opposite anxiety-promoting effect. The anxiety-reducing role of the LS-projecting vHPC cells was in sharp contrast to that of mPFC-projecting vHPC cells, the activity of which increased anxiety. These findings support the idea that hippocampal control of anxiety is mediated by a balance between LS-and mPFC-projecting cell activities.
Anxiolytic Function of LS-Projecting vHPC Cells
Compared to its anxiety-promoting role, the anxiolytic function of the vHPC and its mechanism of action are much less understood. Previous studies have shown that vHPC lesion increases corticotropin-releasing hormone messenger RNA (mRNA) expression in the paraventricular nucleus (PVN) and extends the duration of corticosterone response to physical restraint or exposure to anxietyprovoking stimuli, suggesting that the vHPC suppresses stress responses by down-regulating the HPA axis (Herman et al, 1995 (Herman et al, , 2003 Herman and Cullinan, 1997; Mueller et al, 2004; Radley and Sawchenko, 2011) . There is, however, no direct projection from the vHPC cells to the PVN (Cullinan et al, 1993) , which suggests that a subset of vHPC cells expressing corticosterone receptors would exert a polysynaptic inhibition on PVN neuron activity, thereby downregulating the HPA axis. A plausible idea is that the LS may mediate this polysynaptic inhibition as an intermediary structure connecting the vHPC to the PVN (Mueller et al, 2006) . In keeping, it has recently been shown that a subset of GABA neurons in the LS characterized by corticotropin releasing factor receptor 2 expression innervate the anterior hypothalamic nucleus (AHN), a GABAergic structure that inhibits the PVN (Anthony et al, 2014) . Using an in vivo optogenetic approach, the study found that stimulating the AHNprojecting LS GABA neurons increased corticosterone level and produced persistent anxiety-related behaviors. This suggests that the AHN-projecting LS GABA neurons promote neuroendocrine and behavioral aspects of anxiety by disinhibiting the HPA axis. While the contribution of vHPC in controlling the LS-AHN pathway remains to be determined, the vHPC may preferentially innervate a distinct population of LS GABA neurons that in turn inhibit the AHN-projecting LS GABA neurons. Thus, the activation of LS-projecting vHPC cells may down-regulate the HPA axis by disinhibiting the AHN.
In addition to potential neuroendocrine inputs to the LSprojecting vHPC cells, glutamatergic inputs from the ventral dentate gyrus (DG) may also contribute to the anxiolytic role of LS-projecting vHPC cells. LS-projecting vHPC cells were found most abundant in the ventral CA3 subregion and less in the ventral CA1 pyramidal cell layers. However, it is currently unclear how these LS-projecting ventral CA1 and CA3 cells differently control anxiety. The ventral CA3 pyramidal cells receive glutamatergic mossy fiber inputs from the ventral, but not dorsal, DG through the trisynaptic pathway in a region-specific manner. Notably, a recent study by Kheirbek et al found that the activation of the ventral DG resulted in a decrease in anxiety-related behaviors without affecting contextual learning (Kheirbek et al, 2013) . Because the granule cells in the ventral DG do not directly project to extrahippocampal structures, but instead drive hippocampal outputs by innervating the ventral CA3 subregion, the anxiolytic effect of the ventral DG activation may be mediated by the LS-projecting CA3 cells. Future work will have to determine this possibility with pathway-specific approaches targeting DG inputs to the CA3 within the vHPC.
Anxiogenic Function of the mPFC-Projecting vHPC Cells
Converging data suggest that the vHPC conveys an anxiogenic signal to the mPFC via synchronized theta rhythms. Theta power in both vHPC and mPFC increases when animals are exposed to anxiety-provoking environments such as EPM and OF (Adhikari et al, 2010) . The observed theta power correlation between the two structures increased right before animals escaped to safer closed arms of the EPM and decreased right before animals entered open arm space. Consistently, recent studies using in vivo unit recording and optogenetic inhibition found that anxietyrelated firing is selectively increased in vHPC neurons projecting to the mPFC (Ciocchi et al, 2015) and that optogenetic inhibition of vHPC inputs to the mPFC reduced anxiety-related behaviors (Padilla-Coreano et al, 2016) . These findings, together with ours, suggest that vHPC inputs to the mPFC convey anxiogenic signals and may promote avoidance behaviors over approach behaviors in a novel environment. In addition, it should be noted that the anxiogenic effects of mPFC-projecting vHPC cells may be driven by amygdala inputs to the vHPC. Recently, Felix Ortiz et al found that activating BLA inputs to the CA1 subregion acutely and reversibly increases anxiety-related behaviors (Felix-Ortiz et al, 2013) . This indicates that the ventral CA1 cells innervated by the BLA inputs represent an anxiogenic population and may potentially overlap with the mPFC-projecting vHPC cells. While it remains to be determined by retrograde tracing experiments, it is plausible that during threatening situations, the BLA may excite preferentially the mPFC-projecting vHPC cells over the LSprojecting vHPC cells to promote anxiety.
Anatomical Segregation between LS-and mPFCProjecting vHPC Cells
The use of CAV2-Cre in combination with the Creresponsive AAV vectors allowed us to activate (by hM3D) or inhibit (by hM4D) vHPC cells that project to the LS or the mPFC (van Gestel et al, 2014) . It should be noted, however, that retrogradely-targeted vHPC cells send axon collaterals to multiple target structures. For example, the axon terminals of the LS-projecting vHPC cells were most abundant in the LS, but they were also found in the dCA1 and the BLA to lesser degree. Therefore, behavioral changes resulting from activating or inhibiting the LS-projecting vHPC cells likely reflect the combined effects of altering multiple axon collaterals.
Our retrograde tracing revealed that (anxiety-promoting) mPFC-projecting cells and (anxiety-suppressing) LSprojecting cells are largely discrete populations of neurons occupying relatively distinct areas of the vHPC; mPFCprojecting cells are located almost exclusively in the ventral CA1, while LS-projecting cells in both the ventral CA3 and CA1 ( Figure 6 ). In addition, we identified a small subset of vHPC cells (3.3% of total LS-projecting cells and 6.1% of total mPFC-projecting cells) that send collateralized axon projections to the LS and the mPFC (Figure 6b ). The function of these small number of vHPC cells projecting simultaneously to the LS and mPFC is currently unknown and could not be addressed in the present study as systemic administration of CNO activated both projections simultaneously. Therefore, more specific optogenetic experiments, where vHPC axon terminals are activated or inhibited through optic fibers implanted over the LS and the mPFC, will be needed to determine the relative contribution of each pathway. Caution, however, must be exercised when illuminating the vHPC terminals in the LS as hippocampal axon bundles projecting to other brain areas pass through the septum, and it is technically challenging to restrict light illumination only to vHPC terminals in the LS without illuminating the axon bundles traveling through the septum (but see also (Sweeney and Yang, 2015) ).
Anxiety-related firing of the ventral CA1 cells differs depending on their projection targets, even among the cells sharing the mPFC as a common postsynaptic target (Ciocchi et al, 2015) . For example, the ventral CA1 cells projecting exclusively to the mPFC were enriched with neurons displaying anxiety-related firing. Importantly, however, this enrichment was not observed in other neighboring CA1 cells that simultaneously project to both mPFC and nucleus accumbens. A similar type of target-specific firing may also be found among the LS-projecting and mPFC-projecting CA1 cells. The ventral CA1 cells projecting to both the LS and the mPFC may have different anxiety-related firing from the ventral CA1 cells projecting exclusively to the LS or the mPFC. Thus, it would be of great interest to compare the task-related firing pattern of the ventral CA1 cells that project to either the LS or mPFC, or both.
While the behavioral effects of manipulating LS-and mPFC-projecting vHPC cells were mostly consistent across different anxiety tests, there were a few cases of inconsistencies. For example, the effects of activating LS-and mPFC-vHPC cells were found in the EPM, but not in the OF test. Although both EPM and OF are widely used as tasks that measure anxiety-related behaviors, the EPM is regarded as the most sensitive test of anxiety and currently the firstchoice for screening anxiolytic drugs (Ramos, 2008; Fraser et al, 2010) . Moreover, EPM and OF tests may not assess the same psychobiological phenomenon. Thus, the differences between the OF and EPM results in our study may reflect subtle differences in anxiety-related behaviors associated with different vHPC pathways.
Anxiety response has a protective role in animals facing potential threats. However, inappropriate and exaggerated anxiety responses lead to maladaptive conditions shared by various psychiatric disorders. Our results suggest that the vHPC contributes to such processes by monitoring the novelty and aversiveness of the environment and broadcasting contextual information to the LS and mPFC. Adjusting the balance between the activities of these two vHPC neuron populations may represent an important mechanism for regulating the level of anxiety and inform novel therapeutic strategies tailored to hippocampal dysfunction observed in anxiety disorders.
